Background. Cerebral radiation necrosis (RN) is a difficult to treat complication of stereotactic radiosurgery (SRS) that can result in progressive neurologic decline. Currently, steroids are the standard of care treatment for brain RN despite their adverse effect profile and limited efficacy. The purpose of this study was to evaluate the treatment efficacy of cerebral RN to bevacizumab in patients with brain metastases previously treated with SRS. Methods. We retrospectively reviewed 14 lesions in 11 patients treated with bevacizumab for brain RN secondary to SRS for their brain metastases. Steroid dosing, RN-associated symptoms, and magnetic resonance imaging (MRI) scans were examined before, during, and after bevacizumab administration. Results. Of the 11 patients included, 6 had metastatic non -small cell lung cancer, and 5 had metastatic breast cancer. The mean percentage decrease in RN volume seen on T1 post-Gadolinium and fluid-attenuated inversion recovery (FLAIR) MRI at first follow-up, at a mean of 26 days (range, 15 -43 days), was 64.4% and 64.3%, respectively. MRI changes were sustained on follow-up MRI scans, obtained at a mean of 33 days (range, 7 -58 days) after bevacizumab discontinuation. After bevacizumab treatment, all patients initially receiving steroids had a reduction in steroid requirement, and all but one had an improvement in or stability of RN-associated symptoms. No patients experienced intratumoral bleeds or other adverse effects related to their bevacizumab treatment. Conclusions. Bevacizumab is effective and safe for the treatment of RN after SRS for brain metastasis. In this context, bevacizumab offers symptomatic relief, a reduction in steroid requirement, and a dramatic radiographic response.
C erebral metastases are the most common tumors found in the central nervous system. 1 Once diagnosed, treatment usually requires surgery, radiation therapy, or both. Radiation therapy provides a noninvasive treatment of brain metastases for palliation and, in some cases, survival prolongation. 2 Stereotactic radiosurgery (SRS) is a common approach for patients with limited brain metastasis and is an effective, efficient, and generally well-tolerated form of radiation for these patients. Unfortunately, SRS leads to radionecrosis (RN) in 10% of patients, potentially resulting in progressive neurologic decline. 3 Currently, steroids are the standard of care treatment for brain RN despite their adverse effect profile. 4 Antiplatelet, anticoagulation, and hyperbaric regimens have been evaluated, although definitive evidence of their efficacy has yet to be shown. 5 Surgery can provide symptomatic relief but may be associated with a high risk of complications and/or neurological worsening. 6 The etiology of RN is still under investigation. The longstanding explanation points to an underlying endothelial cell dysfunction that, in turn, results in increased capillary permeability and extracellular edema. 7 However, there is recent evidence that points to the role of a chronic inflammatory process. 8 Affected neurons also experience demyelination and, ultimately, necrosis secondary to small-vessel occlusive disease. 3 The resulting neurologic deficits seen clinically can be the direct result of the necrosis or the indirect result of increased intracranial pressure. 9 Evidence has recently emerged that supports the role of vascular endothelial growth factor (VEGF) as a contributor to RN pathogenesis. Although classically characterized as an angiogenic factor, VEGF also potentiates capillary permeability. 10 Further studies have revealed overexpression of VEGF in resected RN lesions. 11 In addition, the degree of radiation injury has been correlated with the amount of VEGF expression. 12 Such studies have suggested that VEGF blocking agents, such as bevacizumab, may have a role in treating RN. 4 Recent retrospective and prospective studies have shown significant decreases in volume on T2-weighted fluidattenuated inversion recovery (FLAIR) and T1-weighted gadolinium-enhanced magnetic resonance imaging (MRI) in patients treated with bevacizumab. 4, 13, 14 However, these studies have focused primarily on necrosis after radiation therapy for primary brain tumors. In this study, our aim is to describe the imaging and clinical effects of bevacizumab treatment of brain RN secondary to SRS for brain metastases.
Materials and Methods

Patients
A retrospective search of a departmental database was conducted to identify patients treated by SRS for brain metastases and who subsequently received bevacizumab for RN over a 3-year period. After patients were selected, clinical and pathologic data were extracted from the electronic medical record. This study was approved by the institutional review board with use of a waiver of informed consent and was compliant with Health Insurance Portability and Accountability Act regulations.
Diagnosis
We determined RN to be present on the basis of the following clinical and radiographic features. First, the patient must have received high-dose, single-fraction or hypofractionated SRS. Second, the patient must have developed an enlarging contrast-enhancing mass lesion within the radiation fields on MRI after receiving SRS. Third, the imaging features of the lesions must be consistent with the presence of RN rather than recurrent tumor. This was based on conventional imaging features, such as a "Swiss cheese" or "soap bubble" appearance, and advanced imaging features, such as low-perfusion on dynamic susceptibility contrast MRI perfusion. 15 -17 Low uptake on 18F-fludeoxyglucose (FDG) positron emission tomography/computed tomography (PET/ CT) scan was also used as a diagnostic factor. 18 -20 All patients originally received a diagnosis by both MRI and PET/CT imaging. When available, the diagnosis was confirmed by surgical pathology.
Radiology
To assess the volume of the RN, FLAIR and T1 postgadolinium contrast MRI images were analyzed. Each slice was 5 mm thick, and there was no interslice gap. T1 post-contrast images were used to measure enhancement and FLAIR images to measure perilesional edema. Collected images were placed into 1 of 4 groups: before bevacizumab treatment, at first follow-up, at second follow-up, and after bevacizumab treatment. All pre-bevacizumab images were collected within 21 days before starting bevacizumab treatment. The first follow-up images were collected within the first 45 days of treatment, and the second follow-up images were collected within 90 days of the first follow-up. The postbevacizumab images were analyzed as they were made available, without a defined time frame. Volumes were segmented using semi-automated techniques with use of Volume Viewer 11.3 on an Advantage Workstation 4.6 (GE Healthcare, Milwaukee, WI) for T1 post-contrast MRI volume and in-house contouring software for FLAIR images. To reduce operator variance, the T1 postcontrast and FLAIR images were each evaluated by a single trained operator (both with 1 year experience in MRI) under the direct supervision of a board-certified radiologist holding a Certificate of Added Qualification in neuroradiology (with 13 years of experience in MRI).
Clinical Response
Clinical symptoms related to brain RN were identified and documented over time. Because of the clinical complexity of the patients involved, defining clinical response was difficult. Many of our patients before, during, and after treatment with bevacizumab had neurological symptoms that were multifactorial in origin. Therefore, we defined symptomatic response as a decrease in severity of symptoms thought to be secondary to RN only. Statistical analysis was performed using Wilcoxon signed-rank tests with use of Stata, version 11.1 (StataCorp LP, College Station, TX). Significance was set to P ¼ .05.
Results
Clinical Data
We identified 14 lesions in 11 patients with metastatic brain tumor who were treated with bevacizumab for RN that was attributable to treatment for metastatic non-small cell lung cancer (n ¼ 6) or invasive ductal breast cancer (n ¼ 5) ( Table 1 ). The median number of metastases before radiation was 1.3 (range, 1 -4). Of the 9 patients who received SRS, 5 had received whole brain radiation (WBRT) either prior or subsequent SRS (Table 1) . Two patients received 5-fraction SRS only. The mean time from last radiation therapy to diagnosis of RN was 12.4 months and from RN to initiation of bevacizumab treatment was 59.6 days. Only 2 patients had biopsy-confirmed RN before bevacizumab administration. The majority of patients received doses of 10 mg/kg every 2 weeks. The mean duration of bevacizumab administration was 96.2 days, (range, 2-62). The difference in regimen duration represents our institution's movement from an extended (≥10 weeks) regimen to a more abbreviated course (≤6 weeks). The one patient who received 62 weeks of bevacizumab therapy was being treated concurrently for systemic metastases.
Imaging Results
The pre-bevacizumab MRI was obtained a mean of 10 days (range, 4 -21 days) before bevacizumab treatment initiation. The mean initial volumes of the enhancing lesions on T1 post-contrast images and hyperintense nonenhancing lesions on FLAIR images were 69. (Figs. 1-2) .
For those lesions with post-bevacizumab imaging available (n ¼ 12), the first follow-up scans were completed 33 days (range, 7-58 days) after bevacizumab treatment discontinuation. The mean percentage change in volume from pre-bevacizumab imaging was 67.1% (range, 9.7% -99.3%) for enhancing RN volume and 61.3% (range, 3.3% -86.0%) for nonenhancing RN volume (P ¼ .018). The maximum decrease in T1 postcontrast and FLAIR RN volume was seen at first follow-up (n ¼ 12). Lesions with long-term follow-up available (n ¼ 7), were imaged 101 days (range, 75 -121 days) after bevacuzimab treatment discontinuation. When compared with pre-bevacizumab RN volumes, there was a mean decrease of 52.2% (range, 299.2% to 42.1%) in enhancing and a mean increase of 56.7% (range, 276.2% to 316.2%) in nonenhancing RN volumes. When compared with pre-bevacizumab (range, 27.3 to 1014.3%) mean increase noted, respectively (Table 2) .
Clinical Results
Nine patients were receiving steroids for control of the RN-associated symptoms before treatment with bevacizumab. The 2 patients who were not initially treated with steroids had extensive metastatic disease, an additional indication for bevacizumab treatment. The prebevacizumab steroid requirement was a median of 7.4 mg/day (range, 0.5 -24 mg/day). By the first follow-up, all patients receiving steroids experienced a decrease in their daily requirement, and 7 patients (77.8%) were weaned off steroids entirely ( Table 2 ). All but one patient experienced either stable or improved symptoms during bevacizumab treatment (Table 3) . Of the 11 patients, 7 were living at the time of study end, and 3 died due to progression of systemic disease. Patient 3 ultimately had a rapidly progressive and treatment refractory course after initial treatment with bevacizumab. The patient showed little to no response to hyperbaric oxygen treatment and an additional round of bevacizumab treatment. Because autopsy was not done to establish cause of death, the patient's death was Abbreviations: FLAIR, fluid-attenuated inversion recovery MRI. thought to be secondary to either progression of brain metastases or RN.
Discussion
Brain RN is a type of radiation injury that can result in dramatic radiographic and clinical changes. 3 Although radiation injury can occur at any point during or after radiation treatment, RN is thought to occur months to years after treatment. 21 The resultant lesions are often identified during routine follow-up imaging or when new neurologic symptoms are investigated. 3 Common symptoms include psychomotor slowing, seizures, sensorimotor deficits, and language impairment. 22 of interest, imaging can be suggestive of RN without clinical symptoms. 23 The incidence of brain RN is dependent on dose, fractionation, and volume and, perhaps, may be related to other factors, such as chemotherapy exposure, anatomic location of tumor/treatment, and factors inherent to patients. 24 Evidence of radiographic RN has been estimated to occur in up to 46% of patients, and symptomatic RN has been shown to occur in up to 14%. 25 Although a variety of treatments for RN have been proposed, few have shown definitive efficacy. 3 The current standard of care is corticosteroids. However, because of the associated adverse effect profile, there has been a significant need for an alternative. 4 Antiplatelet and anticoagulant regimens have been proposed, targeting the proposed underlying vascular changes associated with RN. Specifically, pentoxyfylline, ticlopidine, and aspirin have been examined, although effects were minimal, and to date, there are no prospective trials that support any clinical or radiographic benefit. 5 Anticoagulation with warfarin and heparin has shown a modest benefit, although these studies were small, and the risk of bleeding and adverse reactions with chemotherapeutics remains significant. 26 Hyperbaric oxygen treatment is an additional treatment option typically reserved for progressive and refractory cases. Unfortunately, because of the expense and minimal supporting evidence, routine treatment with this technique is not justified. 27 Bevacizumab, an anti-VEGF antibody, has been proposed as treatment for RN. Gonzalez et al. conducted a retrospective study of 8 patients with primary brain cancer treated with bevacizumab for RN diagnosed by imaging. After a mean of 8.1 weeks from the start of bevacizumab treatment, there was a reported 48% and 60% decrease in maximum bidirectional measurements for post-contrast T1 and FLAIR images, respectively. 4 Torcuator et al. conducted a similar study evaluating the use of bevacizumab in 6 patients with biopsy-proven brain RN. Percentage change in volume was found to be 79% for post-contrast studies and 49% for FLAIR images. 13 More recently, Levin et al. conducted a prospective randomized trial of patients with primary brain tumors and RN evaluating bevacizumab's effect on radiographic and clinical activity. They showed a mean percentage change in RN volume on T1 post-contrast and FLAIR studies as 59% and 63%, respectively.
14 Our results confirm that bevacizumab treatment can result in dramatic decreases in enhancement and edema.
Our results support bevacizumab's ability to diminish the radiographic and clinical manifestations of brain RN. The change in FLAIR and T1 post-contrast imaging seen among our patients was similar to studies done by Levin et al., Gonzalez et al., and Torcuator et al. The benefit of our study is that it shows bevacizumab's effect on RN caused by SRS for brain metastases, the most common cause of RN. Our patient cohort represents only 2 types of primary cancers: breast and non-squamus cell lung, which are the most common type of metastases treated with SRS at our center. Of importance, we did not observe any adverse effects of bevacizumab in our patient group who had active systemic cancer. In addition, we showed that bevacizumab can affect large-volume and multifocal RN disease, because several of our patients had multifocal RN. Although RN lesion volumes increased slightly after initial bevacizumab treatment discontinuation, post-bevacizumab enhancement is markedly decreased, compared with pre-bevacizumab imaging. The long-term radiographic response was limited in number and yielded a mixed response with a large variation. Two of the 5 patients had clear RN progression on long-term follow-up, a significantly increased proportion, compared with results reported by Levin et al. This diminishing response can be explained by the decreasing concentrations of the drug, with the half-life of bevacizumab being 20 days (range, 11 -50 days). 28 However, 3 of the 5 patients with long-term follow-up had enduring responses, with RN volumes smaller than pre-bevacizumab volumes.
The radiographic and clinical changes seen in this study are most likely explained by bevacizumab's anti-VEGF properties. Because VEGF is known to increase vessel permeability, a blockage of VEGF would lead to decreased vessel permeability and resultant edema. 7 Of consequence, a decrease in abnormality on T1 post-contrast and FLAIR MRI would be expected. 4 However, this conclusion is limited by the diagnostic methods available. The majority of our patients received a diagnosis of RN by clinical and radiographic-not pathologic-evidence. Therefore, it is possible that some of the lesions identified could represent either active metastatic disease or a mix of RN and active metastatic disease. Indeed, small studies have documented the ability of bevacizumab to decrease the size of non-small-cell lung cancer and breast metastases. 29, 30 It is also possible the coadministration of dexamethasone could contribute to the percentage change in signal abnormality and diminution of clinical symptoms. However, the prompt dexamethasone tapering in each patient and the prolonged changes seen make this explanation unlikely. This study is also limited by a retrospective design. Radiation necrosis can have a relapsing and remitting course. Therefore, because measurements were made retrospectively, a proportion of diminishing volumes could be secondary to the natural course of the pathology. A retrospective review also limits the ability to attribute clinical response to bevacizumab alone rather than alternative variables. In addition, it also limits the ability to detect adverse effects related to therapy.
In the future, further studies are needed to establish diagnostic and treatment regimens. The results of our study support the use of bevacizumab as treatment for brain RN secondary to treatment of brain metastases. However, pure RN remains a difficult diagnosis with clinical and current radiographic methods. Although our study supports the use of an abbreviated regimen of bevacizumab treatment, studies comparing dose schedules are also needed. Despite our study's small numbers and the lack of an adequate control group, the dramatic decrease in the clinical and radiographic manifestations of brain RN should prompt further studies evaluating bevacizumab treatment for patients with brain RN after treatment for brain metastases.
